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The three electroweak doublet neutrinos νe,μ,τ of the Standard Model may acquire small seesaw masses,
using either three Majorana fermion singlets N or three Majorana fermion triplets (Σ+,Σ0,Σ−). It is
well known that the former accommodates the U (1) gauge symmetry B− L. It has also been shown some
years ago that the latter supports a new U (1)X gauge symmetry. Here we study two variations of this
U (1)X , one for two N and one Σ , the other for one N and two Σ . Phenomenological consequences are
discussed.
© 2009 Elsevier B.V. All rights reserved.1. Introduction
With the observation of neutrino oscillations, the question of
neutrino mass is at the forefront of many theoretical studies in
particle physics. A minimal (and essentially trivial) solution is
to add three neutral fermion singlets NR (commonly referred to
as right-handed neutrinos) so that the famous canonical seesaw
mechanism, i.e. mν  −m2D/mN , is realized, where mD is the Dirac
mass linking νL to NR and mN is the heavy Majorana mass of NR .
On the other hand, this is not the only way to realize the generic
seesaw mechanism which is implicit in the unique dimension-ﬁve
effective operator [1]
L5 = − f i j
2Λ
(
νiφ
0 − liφ+
)(
ν jφ
0 − l jφ+
)+H.c. (1)
for obtaining small Majorana masses in the Standard Model (SM)
of particle interactions. In fact, there are three tree-level (and three
generic one-loop) realizations [2]. The second most often con-
sidered mechanism for neutrino mass is that of a scalar triplet
(ξ++, ξ+, ξ0), whereas the third tree-level realization, i.e. that of a
fermion triplet (Σ+,Σ0,Σ−) [3], has not received as much atten-
tion. However, it may be essential for gauge-coupling uniﬁcation
[4–7] in the SM, and be probed [8–10] at the Large Hadron Col-
lider (LHC). It is also being discussed in a variety of other contexts
[11–15]. A new U (1) gauge symmetry [16–18] is another remark-
able possibility, and in this Letter we study in some detail two
versions of this extension, one with two N and one Σ , the other
one N and two Σ .
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Fermion content of proposed model.
Fermion SU(3)C × SU(2)L × U (1)Y U (1)X
(u,d)L (3,2,1/6) n1
uR (3,1,2/3) n2
dR (3,1,−1/3) n3
(ν, e)L (1,2,−1/2) n4
eR (1,1,−1) n5
NR (1,1,0) n6
(Σ+,Σ0,Σ−)R (1,3,0) n6
2. New U (1) gauge symmetry
Consider the fermions of the SM plus N and Σ under a new
U (1)X gauge symmetry as listed in Table 1. To obtain masses for
all the quarks and leptons, four Higgs doublets Φi = (φ+, φ0)i with
U (1)X charges n1 − n3, n2 − n1, n4 − n5, and n6 − n4 are required,
but some of these may turn out to be the same, depending on the
anomaly-free solutions of ni to be discussed below. To obtain large
Majorana masses for N and Σ , and to break U (1)X spontaneously,
the Higgs singlet χ0 with U (1)X charge −2n6 or 2n6 will also be
required.
Assuming three families of quarks and leptons and the number
of N and Σ to be nN and nΣ with nN + nΣ = 3, we consider the
conditions for the absence of the axial-vector anomaly [19–21] in
the presence of U (1)X [16].
[
SU(3)
]2
U (1)X : 2n1 − n2 − n3 = 0, (2)
[
SU(2)
]2
U (1)X : (9/2)n1 + (3/2)n4 − 2nΣn6 = 0, (3)
[
U (1)Y
]2
U (1)X : (1/6)n1 − (4/3)n2 − (1/3)n3
+ (1/2)n4 − n5 = 0, (4)
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U (1)X properties of Models (A) to (D).
Model NR ΣR n6 n1 − n3 = n2 − n1 n4 − n5 n6 − n4
(A) 3 0 −4n1 + n2 n2 − n1 n2 − n1 n2 − n1
(B) 2 1 (3/4)(3n1 + n4) (3/4)(n1 − n4) (1/4)(9n1 − n4) (1/4)(9n1 − n4)
(C) 1 2 (3/8)(3n1 + n4) (3/4)(n1 − n4) (1/4)(9n1 − n4) (1/8)(9n1 − 5n4)
(D) 0 3 (1/4)(3n1 + n4) (3/4)(n1 − n4) (1/4)(9n1 − n4) (3/4)(n1 − n4)U (1)Y
[
U (1)X
]2
: n21 − 2n22 + n23 − n24 + n25 = 0, (5)[
U (1)X
]3
: 3
[
6n31 − 3n32 − 3n33 + 2n34 − n35
]
− (3nΣ + nN )n36 = 0. (6)
Furthermore, the absence of the mixed gravitational-gauge anom-
aly [22–24] requires the sum of U (1)X charges to vanish, i.e.
U (1)X : 3[6n1 − 3n2 − 3n3 + 2n4 − n5] − (3nΣ + nN )n6 = 0. (7)
Since the number of SU(2)L doublets remains even (it is in fact
unchanged), the global SU(2) chiral gauge anomaly [25] is absent
automatically.
Eqs. (2), (4), and (5) do not involve n6. Together they allow two
solutions:
(I) n4 = −3n1,
(II) n2 = (7n1 − 3n4)/4. (8)
In the case of solution (I), if nΣ = 0, then Eq. (3) implies n6 = 0,
from which it can easily be seen that U (1)X is proportional to
U (1)Y , i.e. no new gauge symmetry is obtained. If nΣ = 0, then
n3 = 2n1 − n2 and n5 = −2n1 − n2, and Eqs. (6) and (7) become
3(−4n1 + n2)3 − nNn36 = 0, (9)
3(−4n1 + n2) − nNn6 = 0. (10)
For nN = 3, we obtain n6 = −4n1 + n2 which has two independent
solutions: n1 = 1/6 and n2 = 2/3 imply U (1)Y , whereas n1 = n2 =
1/3 imply U (1)B−L as is well known. In the case of solution (II),
n3 = (n1 + 3n4)/4, n5 = (−9n1 + 5n4)/4, (11)
and Eq. (3) yields
n6 = 3
4nΣ
(3n1 + n4). (12)
Eqs. (6) and (7) become
9(3n1 + n4)3/64− (3nΣ + nN )n36 = 0, (13)
9(3n1 + n4)/4− (3nΣ + nN )n6 = 0. (14)
The unique solution is thus nN = 0 and nΣ = 3. However, if we in-
sist that nN = 3 − nΣ = 0, then the nonzero [U (1)X ]3 and U (1)X
anomalies given by (n3Σ/3 − 2nΣ − 3)n36 and (nΣ − 3)n6 may
be canceled by the addition of more singlets without affecting
the other conditions. For nΣ = 2 (nN = 1), they are (−13/6)n36
and −n6, which cannot be canceled by just one chiral fermion.
However, a unique solution exists for two right-handed singlets
of U (1)X charges (−5/3)n6 and (2/3)n6. Similarly, for nΣ = 1
(nN = 2), they are canceled by right-handed singlets of U (1)X
charges (−5/3)n6 and (−1/3)n6. We list in Table 2 the resulting
four models with nΣ + nN = 3, where the last three columns cor-
respond to the U (1)X charges of possible Higgs doublets Φ1,2,3
which couple to the quarks, charged leptons, and neutrinos, re-
spectively. Note that these extra singlets S1R,2R are distinguished
from NR by their U (1)X charges. Whereas NR (and ΣR ) are cho-
sen to be the seesaw anchors for the Majorana neutrino masses
through their couplings to the lepton doublets and a Higgs dou-
blet with the appropriate U (1)X charge, S1R,2R are not. However,Table 3
U (1)X content of new particles in Model (B).
Particle U (1)X
N1R ,N2R , (Σ+,Σ0,Σ−)R (3/4)(3n1 + n4)
S1R −(1/4)(3n1 + n4)
S2R −(5/4)(3n1 + n4)
(φ+, φ0)1 (3/4)(n1 − n4)
(φ+, φ0)2 (1/4)(9n1 − n4)
χ1 −(1/2)(3n1 + n4)
χ2 −(3/2)(3n1 + n4)
in the case of Model (C), S1R just happens to have the required
U (1)X charge which lets it couple to the lepton doublets through
the Higgs doublet which gives rise to quark masses. Note also that
we do not consider the exceptional case where one neutrino is
massless, hence the number of NR plus ΣR is always set equal to
three.
(A) This is the canonical seesaw model with three singlets. Since
the last three columns, corresponding to the U (1)X assign-
ments of the Higgs doublets Φi required for quark, charged-
lepton, and neutrino masses, respectively, are the same, only
the one standard Higgs doublet is required.
(D) This is the seesaw model where NR is replaced by
(Σ+,Σ0,Σ−)R per family. Two different Higgs doublets
(Φ1 = Φ3, and Φ2) are required.
(B) Here two NR and one ΣR with the same U (1)X assignment
are present. One Higgs doublet (Φ1) couples to quarks, the
other (Φ2 = Φ3) to leptons.
(C) Here one NR and two ΣR are present. Three different Higgs
doublets are required, opening up the possibility that neutrino
masses are radiative, in the manner proposed ﬁrst in Ref. [26].
3. Model with one triplet
Consider now Model (B) in more detail. In addition to the
SM fermions, the other fermions and scalars are listed in Ta-
ble 3. Quarks acquire masses through Φ1 and leptons through Φ2.
In addition, the Yukawa terms NRNRχ2, ΣRΣRχ2, S1R S1Rχ
†
1 ,
S1R S2Rχ
†
2 , NR S1Rχ1, NR S2Rχ
†
1 are allowed. As U (1)X is broken
spontaneously by the vacuum expectation values 〈χ1,2〉, all the
new fermions acquire large Majorana masses. As for the Higgs po-
tential consisting of Φ1,2 and χ1,2, it has many allowed terms. Two
are of particular importance, namely χ1Φ
†
1Φ2 and χ
3
1χ
†
2 , without
which there would be two unwanted global U (1) symmetries.
The X gauge boson mixes with the Z boson of the SM because
φ01,2 transform under both SU(2)L × U (1)Y and U (1)X . It also con-
tributes directly to quark and lepton neutral-current interactions.
Therefore, its mass and coupling are constrained by present ex-
perimental data. This is common to Models (B), (C), and (D). Let
〈φ01,2〉 = v1,2 and 〈χ01,2〉 = u1,2, then the 2 × 2 mass-squared ma-
trix spanning Z and X is given by
M2Z Z =
1
2
g2Z
(
v21 + v22
)
, (15)
M2Z X = M2X Z =
3
gZ gX (n1 − n4)v21 +
1
gZ gX (9n1 − n4)v22, (16)8 8
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1
2
g2X (3n1 + n4)2
(
u21 + 9u22
)+ 9
8
g2X (n1 − n4)2v21
+ 1
8
g2X (9n1 − n4)2v22. (17)
In general, there is Z–X mixing in their mass matrix, but it must
be very small to satisfy present precision electroweak measure-
ments. Of course, increasing MX to 10 TeV or so is a possible
solution, but there is also a condition for zero Z–X mass mixing:
v22/v
2
1 = 3(n4 − n1)/(9n1 − n4), which requires 1 < n4/n1 < 9. For
example, if v21 = v22 = v2/2, then n4 = 3n1. In that case,
M2Z = (1/2)g2Z v2,
M2X = 18n21g2X
(
u21 + 9u22
)+ (9/2)g2X v2. (18)
However, there may also be kinetic mixing [27], unless U (1)Y and
U (1)X are orthogonal [28], which is achieved with n4/n1 = 13/9.
In that case, it may be avoided up to one loop. For zero mass mix-
ing, this then requires v22/v
2
1 = 3/17.
4. Low-energy constraints
Precision data at the Z pole are insensitive to additional direct
contributions to fermion pair production from the virtual X bo-
son. However, Z pole data can be affected indirectly through Z–X
mixing, generally leading to a shift in the measured Z mass and a
modiﬁcation of its couplings to SM fermions. The high precision of
these data and their good agreement with the SM predictions typ-
ically constrain the Z–X mixing to be well below one percent [29].
For simplicity, we restrict ourselves here to the case with no mix-
ing.
In contrast, precision measurements at energies or momentum
transfers much below the electroweak scale can give strong con-
straints on the interactions of the X boson, comparable with or
stronger than collider limits from the Tevatron (dilepton invariant
mass distribution [30] and its forward–backward asymmetry [31])
and LEP 2 [32] (fermion pair production). At low energies, these
are interference effects with photon exchange amplitudes which
are parametrically suppressed by only two powers of the heavy
boson mass, being proportional to M2Z/M
2
X .
In particular, the weak charge QW of heavy nuclei as mea-
sured in atomic parity violation (APV) is very sensitive to ex-
tra U (1) gauge bosons. Most accurately known is the weak
charge of cesium, where the uncertainties of both the APV mea-
surements [33,34] and the necessary many-body atomic struc-
ture calculations [35] are below the 0.5% level. We also include
QW (T l) [36,37] in our analysis. Furthermore, there is the weak
charge of the electron which has been extracted by the E-158 Col-
laboration [38] from polarized Møller scattering at the SLC. For
example, at the SM tree level one has Q eW = 1 − 4sin2 θW , where
θW is the weak mixing angle. This is modiﬁed in the presence of
the X boson (and in the absence of Z–X mixing), viz.,
Q eW = 1− 4sin2 θW −
g2X sin
2 θW cos2 θW M2Z
παM2X
(
e2L − e2R
)
,
where eL = n4 and eR = (5n4−9n1)/4. The weak charges of up and
down quarks coherently building up the weak charges of heavy
nuclei are modiﬁed in a similar way.
There are various measurements of neutrino and anti-neutrino
deep inelastic scattering (DIS) cross sections, dominated by the
result of the NuTeV Collaboration [39]. The original NuTeV analy-
sis [39] assumed a symmetric strange quark sea for the parton dis-
tribution functions. Subsequently, NuTeV determined the strange-
quark asymmetry experimentally and found S− ≡ ∫ 10 dx x[s(x) −
s¯(x)] = 0.00196 ± 0.00135 = 0 [40]. As a consequence, we usedFig. 1. Lower bound on MX/gX versus φ = tan−1(n4/n1).
Ref. [41] to adjust their value for the left-handed effective cou-
pling, g2L = 0.30005 ± 0.00137 to g2L = 0.3010 ± 0.0015, reducing
the initial deviation from the SM of almost 3 standard deviations
by about 1σ . The right-handed coupling g2R and the older ν-DIS
results from CDHS [42] and CHARM [43] at CERN and CCFR [44]
at FNAL are expected to exhibit shifts due to S− = 0 as well, but
these ought to be less signiﬁcant since their relative experimental
uncertainties are larger. For more details, see Ref. [45].
At the one-loop level, the X boson also contributes to anoma-
lous magnetic moments, but the effect is negligible relative to
the experimental uncertainties. Finally, box diagrams containing X
bosons affect tests of CKM unitarity relations, the most precise of
which being |Vud|2 +|Vus|2 +|Vub|2 = 0.9999±0.0006 [46]. These
effects are rather small and we have not implemented these effects
in our analysis.
We plot in Fig. 1 the resulting 95% conﬁdence-level exclusion
limit on MX/gX as a function of φ where tanφ = n4/n1 and the
normalization n24 + n21 = 1 is assumed. This means that instead of
using the couplings gXn1 and gXn4, we use gX cosφ and gX sinφ.
5. Decays of X
If the X gauge boson is observed at the LHC, then r = n4/n1
may be determined empirically from its decay branching fractions
into qq¯, ll¯, and νν¯ , which will be proportional to 3(41 − 18r +
9r2)/8, (81− 90r + 41r2)/16, and r2, respectively. The ratios
Γ (X → tt¯)
Γ (X → μμ¯) =
3
(
65− 42r + 9r2)
81− 90r + 41r2 and
Γ (X → bb¯)
Γ (X → μμ¯) =
3
(
17+ 6r + 9r2)
81− 90r + 41r2 (19)
are especially good discriminators [47], as shown in Fig. 2.
6. Model with two triplets
We now examine the structure of Model (C) as shown in Ta-
ble 4. The fermion content is dictated by the anomaly-free condi-
tions for U (1)X to consist of two triplets Σ1R,2R and three singlets
NR , S1R,2R . Quarks couple to Φ1 and charged leptons to Φ2. How-
ever, (ν, e)L is connected to NR and ΣR through Φ3, and to S1R
through Φ1. To allow all particles to acquire mass, we add the four
scalar singlets as shown. We then have the allowed Yukawa terms
NRNRχ4, ΣRΣRχ4, S1R S1Rχ1, NR S2Rχ
†
2 , S1R S2Rχ
†
3 , and the al-
lowed scalar terms χ1χ2χ
†
4 , χ
2
2χ
†
1 , χ
2
3χ
†
4 , χ
†
1χ
†
2χ
2
3 , χ
3
2χ
†
4 , χ1Φ
†
1Φ2,
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of r = n4/n1.
Table 4
U (1)X content of new particles in Model (C).
Particle U (1)X Z2
NR , (Σ+,Σ0,Σ−)1R,2R (3/8)(3n1 + n4) –
S1R (1/4)(3n1 + n4) +
S2R −(5/8)(3n1 + n4) –
(φ+, φ0)1 (3/4)(n1 − n4) +
(φ+, φ0)2 (1/4)(9n1 − n4) +
(φ+, φ0)3 (1/8)(9n1 − 5n4) –
χ1 −(1/2)(3n1 + n4) +
χ2 −(1/4)(3n1 + n4) +
χ3 −(3/8)(3n1 + n4) –
χ4 −(3/4)(3n1 + n4) +
Fig. 3. One-loop radiative contribution to neutrino mass.
χ3Φ
†
3Φ2, χ1χ
†
3Φ
†
1Φ3, χ
2
2Φ
†
1Φ2, χ
†
3χ4Φ
†
3Φ2. Thus the resulting La-
grangian has an automatic Z2 symmetry, which implements ex-
actly the proposal of Ref. [26] for radiative seesaw neutrino masses
and dark matter, as shown in Fig. 3. The 3× 3 Majorana neutrino
mass matrix receives a tree-level contribution from the coupling of
S1R to a linear combination of νi through φ01 , as well as radiative
contributions from NR and Σ0R . This is a natural hierarchical sce-
nario where ν3 = (ντ − νμ)/
√
2 for example is heavier than ν1,2
because the former is the one with a tree-level mass.
The lightest particle of odd Z2 [48] is now a dark-matter can-
didate. However, it is unlikely to be a fermion because it will have
U (1)X gauge interactions with nuclei and a cross section propor-
tional to (gX/mX )4 which is likely to be too big to satisfy the
upper limits from direct-search experiments and the requirement
of the proper dark-matter relic abundance through its annihilation.
If it is a scalar boson, such as the lighter of Re(φ03) and Im(φ
0
3) [26,
49–52] with a mass difference greater than about 1 MeV, then it is
an acceptable candidate because the lighter one is prevented from
scattering to the heavier one through the X boson kinematically.
On the other hand, the generic quartic scalar term for this split-
ting, i.e. (λ5/2)(Φ†η)2 +H.c. where Φ is even and η odd under Z2,is not available here because of the U (1)X charges. Nevertheless,
splitting does occur in the 4 × 4 mass-squared matrix spanning
Re(φ03), Im(φ
0
3), Re(χ3), and Im(χ3), which is of the form
M2 =
⎛
⎜⎜⎝
m2φ 0 Δ2 + Δ3 0
0 m2φ 0 Δ2 − Δ3
Δ2 + Δ3 0 m2χ + Δ1 0
0 Δ2 − Δ3 0 m2χ − Δ1
⎞
⎟⎟⎠ . (20)
Hence m2[Re(χ3)] − m2[Im(χ3)] = 2Δ1, and m2[Re(φ03)] −
m2[Im(φ03)] = −4Δ2Δ3/m2χ . As for the corresponding relic abun-
dance, there will be contributions from the U (1)X gauge interac-
tions and the various allowed Yukawa terms. Note also that the Z2
symmetry for dark matter here is the conserved remnant [53–58]
of U (1)X .
7. Conclusion
In this Letter, we have discussed some consequences of having
one or more Majorana fermion triplets (Σ+,Σ0,Σ−) as seesaw
anchors of neutrino masses in the context of a U (1) extension
of the SM. The associated neutral gauge boson X has prescribed
couplings to the usual quarks and leptons in terms of gX and
φ = tan−1(n4/n1). The exclusion limit on MX/gX from low-energy
data has been obtained, showing that X may be accessible at the
LHC if gX is of order gZ . In the case of one triplet, i.e. Model (B),
one Higgs doublet couples to quarks and the other to leptons.
In the case of two triplets, i.e. Model (C), there is a third scalar
doublet, which allows for the natural implementation of radiative
neutrino masses and dark matter.
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